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SUMMARY
1. The repeated impact performance of a multiwall sack may be expected
to be dependent in part on the tension fatigue life of the parent sack paper.
2. The materials of the second fabrication program were evaluated for
Instron uniaxial fatigue life at 50, 25, and 10% R.H. (outer ply only). Each
specimen was subjected to a schedule of progressively increasing applied elong-
ation in analogy to the progressive height face impact test by which sack per-
formance was evaluated.
3. The machine-direction fatigue life of the extensible papers was
about four times that of the regular papers, on the average. The cross-direction
fatigue life of the extensible papers, on the average, was about 1-1/3 times that
of the regular papers.
4. Decreasing the relative humidity caused a decrease in the Instron
fatigue life in each direction of the paper, in general, but the per cent de-
crease in either direction or in combination was not as great as that exhibited
by the sacks.
5. It was noted that the variability in the Instron fatigue life was
markedly lower with the progressively increasing applied elongation schedule than
had been experienced earlier with a constant elongation process.
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6. A number of empirical relationships between sack performance and
tension fatigue life in one or both directions were studied.
7. For the combined regular and extensible papers the most precise
relationships involving only one direction of the paper were obtained with machine-
direction fatigue life (average difference of 13 to 18%); a separate relationship
was required at each humidity, however, to account for shifts in level of sack
performance with change in humidity.
8. An exploratory study was performed to determine whether the afore-
mentioned shifts in sack performance were attributable to change in commodity be-
havior with humidity. A correction for commodity behavior did not fully account
for the shifts in sack performance, suggesting that some factor other than parent
paper fatigue life or commodity behavior influenced the sack performance when the
humidity was varied.
9. Cross-direction fatigue life was moderately well correlated with
sack performance in a gross sense (average difference of 20 to 33%), but the re-
lationship lacked precision at the separate levels of-humidity. -
10. Multiple linear regressions involving uniaxial fatigue lives in
both directions of the paper closely paralleled the simple linear regressions
(average difference of 12 to 351). That is, when compositing data at all hu-
midities, the multiple regression was quite similar to the simple regression
involving cross-direction fatigue life; at each separate humidity level, on the
other hand, the multiple regressions were essentially the same as the simple
correlation involving machine-direction fatigue life.
11. When the regular and extensible papers were considered separately
at 50% R.H. relatively precise estimates (11 to 14%) of sack performance were
achieved with fatigue life in either or both directions of the sheet.
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12. In view of the above-mentioned results, it was inconclusive from
this experiment whether sack performance is governed primarily by the fatigue life
in one or the other direction of the parent sack paper or whether both directions
are important.
13. More elaborate empirical relationships between sack performance
and both uniaxial fatigue lives (involving quadratic terms or power functions)
offered no improvement over the linear regressions discussed earlier.
14. Allied studies with materials from the second fabrication program
have shown that the most precise relationships between sack performance and con-
ventional paper properties at 50% R.H. were obtained with (a) machine-direction
and cross-direction virgin tensile energy absorption, or (b) machine-direction and
cross-direction Frag, or (c) Thwing-Albert impact fatigue.
15. Instron fatigue life offered an improvement over the aforementioned
conventional paper properties with respect to prediction of sack performance at
50% R.H. as shown by the following table of average per cent difference between
observed and predicted sack performance:
Average Difference,
Paper Property %
Instron fatigue life, M.D. and C. D. 11.8
Thwing-Albert impact fatigue 16.8
Tensile energy absorption, M.D. and C.D. 19.1
Frag, M.D. and C.D. 20.9
16. The increased precision in estimation of sack performance from
Instron fatigue life may not justify the increase in time and skills required
to evaluate the Instron fatigue life of paper samples. On the other hand, earlier
studies have demonstrated that Instron fatigue life is amenable to mathematical
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analysis, whereby fatigue life may be estimated from the results of simple tension
tests. Perhaps even more important, experience with the effect of papermaking
variables on the tension load-elongation characteristics may be translated into
potential fatigue performance.
17. Instron fatigue life (as evaluated in this research study) was found
to be quite highly correlated with virgin stretch, as suggested by previous ana-
lytical studies of fatigue life. Frag and Instron fatigue life did not appear to
be well correlated.
18. In conclusion, it appears from this study that Instron fatigue life
offers an improvement over conventional paper properties for estimation of sack
performance (progressive height face drop). On the other hand, the empirical
relationships developed are neither fully credible nor inclusive, indicating that
much remains to be learned regarding the impact behavior of multiwall sacks.
19. Work is now in progress to evaluate the samples of the second fabri-
cation program by means of an applied energy schedule of repeated tension. This
type of stressing may bear a closer analogy to the sack impact test than-the ap-
plied elongation process of the present study.
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INTRODUCTION
Observation of the repeated impact performance of multiwall sacks in the
laboratory indicates that the paper in the sack is subjected to repeated tension
stresses. The behavior of a material in repeated stress is, by definition, a
fatigue phenomenon. It seems reasonable to expect, therefore, that the repeat
impact performance of a multiwall sack is governed, at least in part, by the tension
fatigue life of the sack paper.
Previous studies (1-3) were concerned with (a) a theoretical and experi-
mental survey of the behavior of plain kraft sack paper in repeated uniaxial ten-
sion and (b) a mathematical description of the mechanism of repeated tension of
plain kraft paper in terms of the load-elongation curve. The latter enables es-
timation of uniaxial tension fatigue life from the behavior of the paper in the
virgin tension test and in a single reloading test, thereby avoiding a time-con-
suming fatigue test. Moreover, the effect of fiber and processing variables on
potential fatigue performance may be estimated, provided these effects are re-
flected in the simple tension tests.
The present study is concerned with determining the relationship between
sack impact performance and the uniaxial fatigue life of the parent paper in each
principal direction of the sheet. Ideally, this study should be preceded by the
determination of two other relationships. First, inasmuch as the paper in a sack
is stressed simultaneously in both principal directions during impact (4) it would
be desirable to establish the relationship between sack performance and the biaxial
fatigue life of the paper, the latter evaluated under conditions of stressing
approximating those existing in the sack. This relationship has not been determined,
however, both for lack of a biaxial fatigue test which is known to be appropriate
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to sack impact and for lack of a theoretical understanding of the functional re-
lationship between paper and sack performance.
Second, it would be desirable to know the relationship between the uni-
axial fatigue lives and the biaxial fatigue life of the sack paper. Experience
with other materials indicates that the biaxial strength is a function of the two
uniaxial strengths (in a nontrivial manner) and it may-be presumed that an analogous
situation exists for fatigue life. This relationship has not been established for.
sack paper, again primarily for lack of an adequate biaxial test method.
In spite of the aforementioned gaps in existing knowledge regarding the
behavior of sack paper and the mechanics of sack impact, the present work was
undertaken to study the relationship between uniaxial fatigue life and sack per-
formance. 'Necessarily the mathematical relationship which is the object of this
study had to be formulated empirically for the reasons mentioned above. Thus,
linear or multiple regression analysis was the primary mathematical tool.
Moreover, because of inadequate understanding of the stresses and strains
applied to the paper during sack impact, the method of performing the repeated
tension test on the paper was largely arbitrary. It was decided to perform these
tests by controlling the elongation applied to the tension specimen in each cycle.
The decision to control the'applied elongation rather than applied energy was in-
fluenced by several factors, namely, (a) it is believed that elongation can be
controlled more effectively than energy with an Instron testing machine, (b) the
mathematical description of uniaxial repeated tension (2, 3, 5) has'been oriented
to applied elongation, (c) experimental data are available on the magnitude of
impact strains in a sack (4) but not for energy, and (d) the two types of proc-
esses appear to be equivalent for plain (or flat kraft) sack papers.
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Inasmuch as the sack performance data available to this study were ob-
tained from progressive height face impact tests on sacks from the second fabri-
cation program (6) it was further decided to (a) progressively increase the
applied elongation from cycle to cycle'in the repeated tension test of the sack
paper and (b) subject all samples of sack paper to the same magnitudes of strain.
It is believed, therefore, that the repeated tension tests bear an analogy (though
perhaps crudely) to the repeated strains which occur in progressive height sack
impact.
It bears emphasizing that fatigue life is not a single-valued property
for a given sample of sack paper as is, for example, the virgin stretch or ten-
sile energy absorption or tensile strength. Fatigue life may vary from zero to
an indefinitely large number for a given sample and direction, depending on the
magnitude of the stress or strain applied in each cycle, and the relationship be-
tween fatigue life and applied strain is highly nonlinear (2, 3), thereby preventing
simple proportioning to convert the results from one level of the input to another.
Thus, it is not meaningful to speak of the fatigue life of a paper as though it
were a unique value. While semantic considerations dictate use of the phrase
"Instron uniaxial fatigue life" in numerous places in this report, it should be
remembered that this actually refers to the number of safe applications which
the paper sustained when repeatedly strained according to a particular progres-
sively increasing schedule of elongations mentioned earlier and detailed in Test
Procedure.
The scope of this study is as follows: an experimental determination of
uniaxial tension fatigue life (progressively increasing elongation) was made for
the materials of the second fabrication program at 50, 25, and 10f R.H. A number
of correlations are studied relating sack performance to uniaxial fatigue life.
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Lastly, Instron fatigue life is compared with virgin tension properties and other
fatigue tests, with emphasis on their abilities to predict sack performance at
50% R.H.
MATERIALS
The materials for this study were obtained from the second fabrication
program which was carried out at Union Bag-Camp Paper Corporation, Savannah,
Georgia, in December, 1960 (6). This fabrication involved 26 runs of 3-ply,
pasted cement sacks manufactured from 50-lb. unbleached, kraft sack paper--
twelve runs of regular paper and fourteen runs of extensible paper.
Samples of the sack paper were procured at the start and end of each run
of sacks during fabrication and provided the supply of materials for the evaluation
of Instron fatigue life.
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TEST PROCEDURE
UNIAXIAL FATIGUE LIFE TESTS
Repeated tension tests were performed by means of an Instron testing
machine equipped with line clamps (7). The specimen span was six inches, the
width one inch, and the deformation rate (crosshead speed) was 0.2 inch/minute
for both loading and unloading.
Six machine-direction specimens and six cross-machine direction speci-
mens were tested for each run of sacks. The tensile specimens correspond to the
outer ply of the fabricated sack. Three specimens from each group of six came
from the start of the production run of sacks and three from the end of the run.
Each set of three specimens was comprised of one specimen from the front of the
parent roll, one from the center and one from the back of the roll.
The repeated tension test was conducted by applying a prescribed elonga-
tion during each cycle of loading. That is, the crossheads of the testing machine
were moved apart a prescribed distance (reckoned from the pickup of load for the
cycle) and then reversed. A ten-second recovery period was observed between
cycles.
The amount of elongation applied in each cycle was progressively in-
creased from cycle to cycle, as shown in Table I. For example, each machine-
direction specimen was subjected to an elongation of 0.040 inch on the first
cycle, 0.050-inch elongation on the second cycle (reckoned from load pick-up),
etc. Cycling was continued until the specimen broke. The number of safe cycles
(i.e., not including the cycle during which rupture occurred) is, by definition,
the fatigue life of the specimen.
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The schedule of applied, elongations listed in Table I was arrived at
from the following considerations. Progressively increasing applied elongation
is believed to be somewhat analogous to the progressive height sack impact test,
whereby each successive drop imparts an increasing magnitude of energy to the
sack. It may be noted from Table I that the increment in applied elongation
from cycle to cycle was one-quarter of the elongation of the first cycle; this
is in analogy to the progressive height impact test on the sacks wherein the in-
crement in height (six inches) is one-quarter of the initial height (twenty-four
inches). Moreover, preliminary trials with machine-direction specimens revealed
that this test schedule gave nonzero fatigue lives for low-stretch regular papers
and not unreasonably high fatigue lives for high-stretch extensible papers.
It may be noted in Table I that for any given cycle the elongation
applied to a cross-machine direction specimen was 1.5 times the elongation for
a machine-direction specimen. This ratio of applied strains was selected on the
basis of strain measurements performed on impacted (regular kraft) sacks (4), which
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indicated that the strain ratio ranged from about 1.0 to 2.5; the selected ratio
of 1.5 is nearly median to this range.
In the interest of economy of test time, it was found possible to test
three specimens of a given type simultaneously. Inasmuch as the repeated tension
test involved-controlling elongation, all three specimens were subjected to the
same prescribed elongation when tested simultaneously, even though their respective
loads may have differed. Preliminary trials revealed that multiple specimen testing
gave the 'same results as single specimen tests. Failure of individual specimens
within a group of three was readily detectable from inspection of the composite
load-elongation curve. In the main body of testing, a group of three specimens
was comprised of one specimen from the front of the parent roll, one from the
center and one from the back of the roll.
Fatigue life tests were performed on all runs of sack paper at 50% R.H.
(room temperature). In addition, seven runs of regular paper and eight runs of
extensible paper were tested at 25 and 10% R.H.
SACK IMPACT TESTS
Thirty sacks from each run were subjected to a progressive height face
impact test starting at two feet and progressing by six-inch increments of height.
The testing was performed as a part of the fabrication program (6).
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DISCUSSION OF RESULTS
EXPERIMENTAL DATA
The Instron uniaxial fatigue lives of the sack paper and the sack
fatigue lives (i.e., number of safe drops) in the progressive height face im-
pact test at the various humidities are listed in Table II. Each entry of
Instron fatigue life is the average of six determinations; sack fatigue life
is the average from thirty sacks. Fatigue lives of the individual Instron speci-
mens are listed in Tables X to XII of the Appendix.
It may be seen in Table II that, in the machine direction, the Instron
fatigue lives of the extensible papers are substantially greater than those of
the regular papers; for example, 13.6 versus 3.8, on the average, at 50% R.H.
In general, the machine-direction fatigue life of the extensible papers was al-
most four times that of the regular papers. This result is to be expected because,
in a repeated straining process, a high-stretch paper will outlast a low-stretch
paper. In the cross direction, on the other hand, the fatigue lives of the two
classes of papers are more nearly equal (6.0 versus 4.4 at 50% R.H.,- on the- -
average), in keeping with their more nearly equal virgin stretches in this di-
rection. In general, the cross-direction fatigue life of the extensible papers
was about 1-1/3 times that of the regular papers.
In comparing machine direction versus cross-machine Instron fatigue
lives in Table II, it should be kept in mind that the cross-direction specimens
were subjected to 50% greater elongation than the machine-direction specimens on
any given cycle, as discussed in Test Procedure. Thus, the observation that the
in- and cross-direction fatigue lives of the regular papers are essentially equal
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equal virgin stretch in the two directions. By the same token, the difference in
fatigue lives between the two directions of the extensible papers is, in a sense,
magnified by the particular straining schedule selected for this study.
It may be noted from Table II that decreasing the relative humidity
caused a decrease in uniaxial fatigue life, in general. The effect was most pro-
nounced in the cross direction of the papers, where decreases of 35 and 38% oc-
curred in going from 50 to 10% R.H., on the average. The effect of humidity was
much less marked in the case of the machine-direction fatigue lives; indeed, in
a number of individual samples no change was noted between 50 and 25% R.H.
Inspection of the sack fatigue life results in Table II reveals that
the effect of decreasing relative humidity on sack performance was substantially
greater percentage-wise than it was for the Instron tests. For example, with the
regular papers a decrease in relative humidity from 50 to 10% resulted in a 77%
decrease in sack fatigue life, on the average, while the machine and cross-direction
Instron fatigue lives decreased only 17 and 35%, respectively. While there is no
known arithmetic basis for expecting the combined per cent decreases in machine
and cross-machine fatigue lives to equal the per cent decrease in sack performance,
it is perhaps somewhat surprising to find such differing effects in paper versus
sacks due to relative humidity.
Regarding variability in the Instron fatigue results, inspection of the
individual specimen lives in Tables X to XII of the Appendix reveals that the
scatter in test results within a sample was generally modest. Typically, the
fatigue lives within a sample differed by only one or two cycles. (In 93 out
of 112 cases, the range was no greater than two cycles.) This magnitude of
scatter is markedly lower than has been experienced with a constant elongation
test schedule (3) where it was not uncommon for specimen lives to range over
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about 20 cycles. The lower variability of the progressive elongation test is
probably attributable to the relative magnitudes of the applied elongation and
the variation in virgin stretch; as the cycling continues with a given specimen,
the applied elongation becomes larger and larger, overshadowing modest deviations
in virgin stretch between specimens, such that all specimens of a sample fail
after about the same number of cycles.
RELATIONSHIP BETWEEN UNIAXIAL FATIGUE LIVES AND SACK PERFORMANCE
The relationship between the observed fatigue lives of the sack (pro-
gressive height face drop) and of the parent sack paper in repeated tension
(progressive applied elongation) was studied by means of regression analysis.
The forms of the relationships investigated are empirical, in the sense that no
theoretical basis exists to suggest likely functional relationships between the
sack and paper properties.
Two general classes of regressions were performed: (a) simple linear
regressions involving Instron fatigue life in one direction of the sack paper,
and (b) multiple regressions involving linear or quadratic terms or power functions
of the Instron fatigue lives in both principal directions of the paper. The
multiple regressions were studied on the premise that sack performance is depend-
dent on the biaxial fatigue life of the paper, which in turn is some function
(though unknown) of the uniaxial fatigue lives in the two principal directions.
Within each type of regression various partitionings of the data were explored,
that is, grouping by types of paper or by levels of humidity.
All computations were performed on an IBM 1620 digital computer, using
standard programs for the regression analyses. A special program was written to
calculate the per cent difference between observed and estimated sack fatigue
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life (the latter from the regression equation) for each sample andwas applied
selectively to those equations that were of greatest interest.
Simple Linear Regression Analyses
The results of the simple regression analyses are presented in Table
III. For example, in Regression No. 1, sack fatigue life, Z, was related to
machine-direction Instron fatigue life, X, by the equation Z = 0.603X + 2=275
when all 56 samples of regular and extensible papers and all three humidity levels
were considered. This correlation was relatively poor, having a correlation co-
efficient of only 0.720 and an average absolute per cent difference between ob-
served and estimated sack life of 50.8%.
When the regular and extensible papers were considered separately (at
all humidity levels) the correlations were poorer (Regressions No. 2 and 3),
although there was some improvement in the per cent difference with the extensible
samples. On the other hand, partitioning the data by humidity level resulted in
a marked improvement in the correlations (Regression Numbers 4, 5,-and 6) with
correlation coefficients ranging from 0.899 -to 0.960 and average -differences of
135.53 to 18.5%.
These results are shown graphically in Fig. 1 and 2 which are graphs
of sack fatigue life versus machine-direction Instron fatigue life. Clearly,
straight lines do not adequately describe the data in their entirety or when
they are partitioned by types of paper (Fig. 1). But when grouped by humidity
level (Fig. 2) each group of data clusters more nearly about one of three :
straight lines (Regressions 4-6). - In a crude sense, the slopes of these latter
three lines are about equal (namely, 0.636, 0.4635, and 0.443) and differ mainly
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well described in terms of the machine-direction fatigue life but that some other
factor(s) is operative as the humidity is varied which is not reflected in the
machine-direction Instron fatigue test. Likely possibilities for the other factor
are considered to be (a) cross-direction fatigue life, (b) effect of moisture on
commodity, or (c) effect of moisture on crease strength.
A further subdivision of the 50% R.H. data was studied, namely, the
regular papers and extensible papers separately (Regressions 7 and 8). Inspection
of the regression equations in Table III or the graph of Fig. 2 reveals that the
relationship for either type of paper taken separately does not differ appreciably
from the combined Regression 4. This observation indicates that a single relation-
ship applies for both regular and extensible papers--a desirable circumstance. (A
subdivision of the data between regular and extensible papers at 25 and 10% R.H. was
not studied because of the small number of observations.)
Regressions 9 through 16 pertain to the simple linear correlation be-
tween sack life and cross-direction Instron fatigue life. Unlike the machine-
direction results described above, the cross-direction fatigue life was moderately .
well correlated with sack life over all samples (correlation coefficient = 0.877,
average difference = 29.2%) and within a type of paper. These results are shown
graphically in Fig. 3. Partitioning by humidity, on the other hand, led to a
marked worsening of the correlation coefficients and of the average per cent dif-
ference at 10% relative humidity (see Regression 12 to 14). A graphical presentation
of these latter results is given in Fig. 4. It appears from these results that
while cross-direction fatigue life is reasonably well correlated with sack perform-
ance in a gross sense, the relationship becomes less precise than the analogous
relationship involving machine-direction fatigue life when the data are segregated
by humidity level.
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When the 50% R.H. data are further subdivided according to type of paper
(Regressions 15 and 16), an improvement is made in the per cent difference relative
to the combined Regression 12 for both papers (although this improvement is not re-
flected in the correlation coefficient). It may be noted from the regression equa-
tions or Fig. 4 that the slopes of the individual regressions (15 and 16) are nearly
equal, but quite different from the combined Regression 12. This suggests that,
while the cross-direction fatigue life of either regular or extensible paper is well
related to sack performance at 50% R.H., some other factor may be operative between
classes of paper which is not reflected in cross-direction fatigue life.
Regression No. 17 was performed with machine-direction fatigue life for
the regular papers and cross-direction fatigue life for the extensible papers and
extending over all samples and humidities. This selection of paper properties may
be termed the "weaker direction" analysis in the sense that for either type of paper
the direction was selected for which the fatigue life was generally lower than in
the other direction [the same choice of directions would have been made on the basis
of virgin stretch or tensile energy absorption (6)]. The correlation coefficient of
this regression was 0.850 and the average difference was 38.1%, indicating that no
over-all improvement was obtained through this partitioning of the data.
Conversely, Regression No. 18 was performed with the "stronger direction"
properties, that is, cross-direction fatigue life for regular papers and machine-
direction fatigue life for extensible papers. This partitioning resulted in an even
lower correlation coefficient than in the previous case, namely 0.743 versus 0.850,
and a higher per cent difference- namely, 47.1 versus 38.1%..
Reviewing the results of the above-mentioned simple regression analyses
of the combined regular and extensible papers, it appears that sack fatigue life
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paper. In general, the most precise relationships involved machine-direction fatigue
life; three separate equations were required, however, to account for shifts in level
of sack performance with change in humidity--shifts that were not accounted for by
the machine-direction fatigue life of the paper. Cross-direction fatigue life was
reasonably well correlated with sack performance in a gross sense but the relation-
ship lacked precision at the separate humidities. Relatively high precision of the
estimate (11 to 14%) was achieved with either direction of the paper when regular
and extensible papers were considered separately at 50% R.H.
Multiple Regression Analyses
The results of the multiple regression analyses are listed in Table IV.
When the machine-direction and cross-direction fatigue lives were combined linearly
over all samples and humidities (Regression No. 19), their relationship to sack per-
formance was given by the equation
Z = 0.269X + 2.467Y - 5.757 (1)
The correlation coefficient was 0.916 which is higher than when either uniaxial
fatigue life was considered separately (viz. 0.720-and 0.-877 for Regressions No.
1 and 9). Moreover, the average per cent difference between observed and estimated
sack life was 24.5%, which is an improvement over the predictive ability of either
uniaxial fatigue life by itself (namely, 50.8 and 29.2%). It appears, therefore,
that combining the two uniaxial fatigue lives offered a modest improvement in the
empirically formulated relationship between sack performance and parent paper fatigue
lives.
Figure 5 is a graph showing the agreement between observed sack fatigue
life and the estimated fatigue life calculated from Equation (1) (Regression 19).
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difference between observed and estimated sack fatigue life. It may be seen that
the difference between observed and estimated sack life was less than + 20% in 30
of the 56 samples (i.e., in 54% of the samples studied). Forty-nine of the 56
estimates were within + 40% of the observed sack lives. The average difference
was 24.5%, as noted earlier.
Caution should be exercised in inferring the relative importance of
machine-direction and cross-direction fatigue life from the multiplying coefficients
of Equation (1). The observation that the coefficient of the cross-direction fa-
tigue life is about ten times greater than the machine-direction coefficient in
part reflects the differing magnitudes of the fatigue lives in the two directions.
For example, with the extensible papers (which probably strongly influence the re-
gression constants because of the wide range of extensible properties in this sam-
pling program) the machine-direction fatigue lives are generally two to three times
greater than the cross-direction fatigue lives. Thus, the multiplying coefficients
are in part scaling factors to account for the differing magnitudes of fatigue life
in the two directions, which in turn are influenced by the method of performing
the fatigue test.
Moreover, it is suggested that evaluation of the relative importance of
each direction of the paper should also account for the magnitude of the likely
variation in either fatigue life. While it is true that one unit change in cross-
direction fatigue life results in 10 times greater change in sack life than does
one unit change in machine-direction life [according to Equation (1)], it is ap-
parent from the data of Table II that cross-direction fatigue life is less prone
to variation in commercial samples than is machine-direction fatigue life.
Regressions 20 and 21 pertain to the regular and extensible papers taken
separately (at all three humidities). This grouping of the data resulted in a slight
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worsening of the correlation coefficients relative to Regression No. i9, although
there was a marked improvement in the per cent difference in the case of the ex-
tensible papers, namely, 17.2%, on the average.
Partitioning the data by humidity level (Regressions 22 through 24) re-
sulted in substantial increases in correlation coefficient (0.916, 0.925, and
0.960 at 50, 25, and 10% relative humidity, respectively) and more favorable
average per cent differences (11.8, 14.1, and 18.5%, respectively). It may be
noted that these regressions'parallel quite closely the analogous simple linear
regressions involving machine-direction Instron fatigue life. The correlation co-
efficients and the average per cent differences are nearly equal at each of the
three humidity levels. Moreover, the coefficients of the machine-direction fatigue
life (symbol X) in the multiple regression equations parallel to some extent those
of simple regressions involving machine-direction fatigue life.
It should also be noted that in the equations of Regressions 22 through
24, the coefficient of cross-direction fatigue life is highly "unstable" between
the three humidity levels. At 25 and 10% relative humidity, the coefficient assumes - -
negative values, indicating that an increase in cross-direction fatigue life tends
to decrease sack life--a trend which seems intuitively unreasonable. It may be
that the range of cross-direction fatigue lives presented by the samples of this
study was such that a reliable estimate of the cross-direction coefficient was not
possible when each humidity is considered separately. On the other hand, it may
be reasoned that the negative coefficients of the cross-direction terms (Y) in
Regressions 23 and 24 are not significantly different from zero. Noting further
that the coefficient of Y in the Regression 22 (50% R.H.) has decreased substantially
from its value in Regression 19, it may be argued that the cross-direction fatigue
life is relatively unimportant to the relationship between sack life and paper
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properties at each humidity level and that the multiple Regressions 22 through 24
are not really an improvement over the simple linear regressions involving solely
machine-direction fatigue life (Regressions 4 to 6).
Lastly, the data at 50% R.H. was subdivided between regular and exten-
sible papers, leading to Regressions 25 and 26. Although the correlation coeffi-
cients were markedly lower than with the combined data'at 50% R.H. (Regression 22),
the regression equations and the average differences were quite comparable to Re-
gression 22.
Reviewing the above comparisons between the simple and multiple linear
regressions, there appears to be a rather enigmatic situation. If the data are
taken in their entirety, a reasonably good multiple correlation is obtained be-
tween sack life and the two uniaxial fatigue lives (Regression 19). Consideration
of average per cent differences indicates that nearly as precise a relationship is
obtained with cross-direction fatigue life alone (that is, omitting machine-di-
rection fatigue life) (see Regression 9). On the other hand, when the data are
viewed at each of the three humidity levels separately, substantially more precise
relationships with sack life are obtained (Regressions 22 through 24) and it appears
that the relationships are virtually unimpaired if machine-direction fatigue life
alone is used (that is, cross-direction fatigue life omitted) (Regressions 4 through
6). Thus, it is inconclusive from these experimental data whether one or the other
directions of the sack paper dominates in sack performance or whether both direc-
tions are important--the inferences which may be drawn depend on the grouping of
the data.
Returning to consideration of the multiple regression analyses summarized
in Table IV, Regressions 27 to 32 and Regressions 33 to 38 were performed with
quadratic terms and products of power functions in the machine-direction and
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cross-direction Instron fatigue lives. The quadratic expression was selected for
study as being somewhat more general than the linear equation; in particular, the
XY term permits an interaction between the machine-direction and cross-direction
fatigue lives and thereby introduces (although perhaps crudely) the interaction
concept frequently associated with the behavior of materials under biaxial stress.
The product of power functions was also selected for its generality.
It may be seen in Table IV that both the quadratic expression and the
power function equation yielded results virtually identical with the multiple
linear regression. That is, for each grouping of the data, the correlation co-
efficients and the average per cent differences are essentially the same in each
of the three types of equations. It may be noted that even the instability of the
empirical constants associated with cross-direction fatigue life is evident in the
quadratic and power function analyses. Thus, no further insight into the sack
versus paper relationship is afforded by these last considered empirical equations.
Effect of Humidity on Commodity Behavior
The observed shifts in level-of sack-performance with change in humidity
which are not accounted for by machine-direction fatigue life alone, as discussed
earlier, apparently are not explained by including cross-direction fatigue life.
It may be of interest, therefore, to explore the possibility that the shifts are
attributable to the effect of humidity on the behavior of the commodity, that is,
the cement. The progressive height sack impact test was repeated on four runs of
sacks (GG, LL, NN, and 00) at 50 and 10% relative humidity with 1-mil polyethylene
inserts lining the sacks. Cement conditioned at 50% R.H. was used in the sack im-
pact tests performed at both 50 and 10% R.H. The plastic inserts were slightly
larger than the sacks and thus offered a minimum of additional strength to the
sack. It may be anticipated, therefore, that because of the polyethylene inserts,
the impact behavior of the cement was the same at 10% as at 50% R.H.
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The results of this exploratory study are presented in Table V. Also
shown are the sack, performance data without plastic inserts extracted from Table
II. It may be seen from the first two data columns in Table V that the "constant"
commodity markedly increased the sack performance at 10% R.H. It may be reasoned
that the higher moisture content of the cement in the sacks with plastic inserts
permitted less flow of the cement and, therefore, imposed a less severe impact to
the paper of the sack. This reasoning is confounded, however, by noting from Table
V that at 50% R.H. three of the sack samples with inserts tested appreciably higher
than the sacks without inserts, in contradiction to the assumption that the behavior
of the cement at 50%.R.H. was the same both with and without the inserts. This
discrepancy is possibly due to (a) a strength contribution from the plastic insert
and/or (b) the insert interfered with the normal flow of the cement within the
multiwall sack.
An attempt is made in Table V to correct for the possible effect of the
plastic insert. For this purpose the 10% R.H. fatigue life from a sack with insert
is diminished in proportion to the ratio of the without-to-with insert sack lives
at 50% R.H. For example, for Run NN
6.9 - x8.1.
These corrected values of sack life are given in the last column of Table V.
Figure 6 is a graph to facilitate answering the underlying question
of whether or not the apparent shift in sack performance with relative humidity
can be attributed to a variation in behavior of the cement. The two solid lines
are identical with the 50 and 10% R.H. curves shown earlier in Fig. 2 (Regressions
4 and 6). The plotted points associated with these curves for Runs GG, LL, NN,
and 00 are shown on the graph. The dashed line and associated points pertain to
the data from Table V for plastic inserts corrected as explained earlier (the line
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was fitted visually)' Thus, the 50% R.H. solid line and the 10% R.H. dashed line
may be interpreted as the relationships between sack life and machine-direction
Instron fatigue life when the behavior of the commodity is held constant in so
far as moisture effects are concerned.
TABLE V
COMPARISON OF SACK PERFORMANCE WITH AND WITHOUT PLASTIC INSERTS
Sack Fatigue Life
Without With With Pla'
Type Plastic Plastic Insert-
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It is seen that there is still considerable shift in level of sack
performance with humidity even after accounting for commodity effects. Thus, the
results of this exploratory experiment indicate that sack performance varied with
relative humidity in a manner which could not be fully accounted for by the
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It has been noted during sack impact tests that the incidence of crease
failures increases as the relative humidity is decreased from 50 to 10% relative
humidity. It may be appropriate, therefore, to direct future work to explore the
possibility that crease strength may account for the shift in level of sack per-
formance with change in relative humidity.
COMPARISON OF INSTRON FATIGUE LIFE AND OTHER PAPER PROPERTIES
It may be of interest to examine the correlation between Instron fatigue
life and other properties of the sack paper derived from simple tension tests or
conventional fatigue testing machines. It is believed, however, that better per-
spective is afforded by first comparing the several types of properties with re-
spect to their ability to predict sack performance. This comparison may be studied
most effectively in terms of the sack performance at 50% R.H., for which the results
of the conventional paper tests have been reported in Reference (6).
Table VI summarizes the results of the regression analyses involving
Instron fatigue life, tensile energy absorption, Frag and Thwing-Albert impact
fatigue. The regression equations containing Instron fatigue lives are multiple
Regressions No. 22, 25, and 26 presented previously in Table IV. The regressions
involving the remaining properties are taken from Tables XX and XXII of Reference
(6) and were regarded in that report as the most favorable relationships between
progressive height sack impact performance and conventional paper properties. The
regressions are summarized in terms of the regression equation, the correlation
coefficient, the average per cent difference between predicted and observed sack
performance, and the distribution of per cent differences.
It may be seen in Table VI that with the combined regular and extensible
samples the correlation coefficients are comparably high for all types of proper-
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fatigue (0.94 versus 0.92 for the other tests). On the basis of per cent differ-
ences between observed and predicted sack performance, however, the relationship
involving Instron fatigue lives was the most precise, incurring an average dif-
ference of 11.8%. The Thwing-Albert impact fatigue equation was the next most
precise, with an average difference of 16.8%. The average differences for tensile
energy absorption and Frag were the least precise--namely, 19.1 and 20.9%, re-
spectively. Inspection of the distribution of differences in Table VI also reveals
that the relationship involving Instron fatigue lives gave better predictions of
sack performance. The same conclusion is arrived at when considering the regular
and extensible papers separately in Table VI (the only major change is a marked
improvement in the average per cent difference with tensile energy absorption for
regular papers). Thus, in terms of the performance of the sacks of the second
fabrication program at 50% R.H., the highest precision in predicting progressive
height face drop performance was achieved with the Instron uniaxial fatigue life.
It may be remarked that the Instron fatigue life for a given sack sample
was determined from only six specimens of paper corresponding to the outer ply of
the sacks. The Frag and Thwing-Albert impact fatigue values in Table VI were ob-
tained from 72 specimens representing all three plies of the sack (i.e., 24 per
ply); tensile energy absorption was evaluated on 36 specimens. It is presumed
that more extensive replication of the Instron fatigue tests and sampling from
all three plies would not worsen the precision exhibited in the present study and
in all likelihood would improve it.
Although the prediction of sack performance from Instron fatigue life
was somewhat more precise than that based on conventional properties, it is probably
not a great enough improvement to justify the laborious and time-consuming testing
required to obtain fatigue life with an Instron testing machine (or other universal
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tension testing machine). It is visualized, however, that the merit of the Instron
fatigue property lies not in the test method but rather in that uniaxial fatigue is
amenable to mathematical description, as illustrated in References (2) and (3). It
was demonstrated in those studies that the time-consuming fatigue test may be cir-
cumvented by testing the paper in simple tension tests and thereafter predicting
the fatigue life by means of an equation stemming from the mathematical description
of repeated tension.
Perhaps of even greater importance is the prospect that the effects of
fiber and processing variables which are reflected in the simple tension tests may
be projected to fatigue life by means of the fatigue life equation, thereby giving
more basic insight into the relationship between papermaking and performance of
the sack. Inasmuch as papermaking variables have long been studied in terms of
the tension load-elongation curve, it would seem that there is a considerable body
of experience in papermaking which can be translated into fatigue life performance
without the necessity of performing life tests.
While conventional fatigue tests such as Thwing-Albert impact fatigue
and Frag may be used to evaluate the effects of papermaking variables, they pro-
vide little further insight into the mechanisms involved. Thus, it is believed
that the Instron uniaxial fatigue performance of sack paper may play a useful
role in sack paper technology--at least as a research tool.
Returning to consideration of the correlation between Instron fatigue
life and other paper properties, Table VII lists the correlation coefficients for
fatigue life and other tension properties of the parent sack paper at 50% R.H.
This table supplements Table XVII of Reference (6) by inclusion of fatigue life.
In addition to the conventional tension properties derivable from the load-
elongation curve (stretch and work) these tables list the "elastic" and "plastic"
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It may be seen that each uniaxial fatigue life is highly correlated with
the virgin stretch in the corresponding direction of the paper (namely, 0.988 and
0.935 for machine direction and cross direction, respectively). This result was
not unexpected inasmuch as experience with the mathematical analysis of uniaxial
fatigue life (obtained by the simpler constant elongation process) of References
(2) and (3) suggested that virgin stretch is a dominant factor in the fatigue life
equation.
Table VI reveals that Instron fatigue is also highly correlated with
T.EA. inthe machine direction--explainable by the equally high correlation between
stretch and T.E.A..inthis direction. Cross-direction fatigue life was not as well
correlated with cross-direction T.EA.(correlation coefficient = 0.714) and this
again parallels the comparably low correlation between cross-direction stretch
and T.EA. The correlations between fatigue life and "plastic" T.E.A. follow the
virgin T.EA.correlations in view of the high correlation between virgin T.E.A. and its
"plastic" component. In summary, Instron fatigue life appears to be highly corre-
lated with virgin stretch and also with T.EA.(or its plastic component) when the
latter is highly correlated with stretch, namely, in the machine direction.
The correlations noted above between fatigue life and machine-direction
virgin tension properties are probably enhanced by the wide range of machine-direction
properties in the fabrication program materials. Tables VIII and IX list inter-
correlation coefficients for regular and extensible papers separately. It may be
seen that the aforementioned correlations deteriorate substantially when each type
of sack paper is considered separately. Most notably, the correlation between
machine-direction fatigue life and virgin stretch decreases to 0.593 for regular
paper (as compared with 0.988 of Table VI). The general worsening of the corre-
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parameters of the tension load-elongation curve which govern fatigue life (2, 3)
(namely, elastic and plastic slopes, reload slope and proportional limit strain).
Lastly, Fig. 7 and 8 show graphically the relationship between Instron
fatigue life and Frag fatigue life in each direction of the paper. The Frag test
results are given in terms of safe number of drops so as to be in units comparable
to Instron fatigue life (in contrast to Frag burst energy which is proportional
to the cube root of the drop number). Figures 7 and 8 indicate that the Instron
and Frag fatigue lives are not well correlated; this result is perhaps partially
attributable to the fact that the Instron test studied here involved a progressively
increasing applied strain while the Frag test applies a constant energy to the
specimen and is furthermore apparently not a purely uniaxial test.
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PROPOSALS FOR FUTURE WORK
As mentioned earlier, the Instron fatigue life was evaluated on only
six specimens from the outer ply of each sack sample. In the interest of more
extensive sampling of the sack paper, it would be appropriate to continue the
fatigue life tests on paper corresponding to the inner and middle plies of the
sack. Moreover, if the replication were increased from six to twelve specimens
per ply, the fatigue life data would be more nearly comparable in extent to that
of the conventional paper properties of the second fabrication program, affording
thereby a more reliable comparison of the predictive ability of the several types
of paper properties.
It is believed, however, that prior to the above-mentioned continuation
of the fatigue tests, it would be well to investigate whether other types of
Instron repeated tension tests may be moreaappropriate to sack performance than
the progressively increasing applied elongation schedule by which the papers were
evaluated in the present study. Previous work has indicated that, with constant
input schedules, applied elongation and applied energy processes are equivalent for
regular papers but not for extensible paper. Thus, it is likely that samples of
extensible paper may be ranked differently with an applied energy fatigue test than
with an applied elongation test. Work has already been initiated with a progres-
sively increasing applied energy process to determine whether it offers an improve-
ment over applied elongation on the basis of the sacks tested at 50% R.H.
Following the mathematical analysis of Instron fatigue life that was
presented in References (2) and (3), it was decided to hold in abeyance further
analytical work until the worth of fatigue concepts in predicting sack performance
could be evaluated. Now that it has been found that fatigue life ranks favorably
with other paper properties, it may be appropriate to continue the mathematical
I
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analysis of the mechanics of repeated tension. Several avenues of further develop-
ment were discussed in detail in References (2) and (3) involving variously (a)
improvements in accuracy of the fatigue life equation, (b) extension of the analysis
to various types of repeated tension processes and (c) simplification of the fatigue
life equation. It would seem to be timely to extend the analyses to include applied
energy processes and progressively increasing inputs. It is believed that work of
the type proposed will both broaden and facilitate application of the concepts of
fatigue to sack performance.
Finally, the present study emphasizes the need for a more basic under-
standing of the mechanics of sack impact. As mentioned earlier, the method of
performing the Instron fatigue life tests was largely arbitrary, except that it
bore some superficial resemblance to the progressive height sack impact test and
endeavored to simulate the ratio of applied strains in both directions of the paper
that had been observed in limited studies of sack impact. Fatigue life tests, unlike
virgin property tests, are highly dependent on the nature and magnitude of the input
process. Accordingly, it may be anticipated that the better relationships between
-- fatigue-type tests and sack performance will proceed from those fatigue tests which
more nearly simulate the stresses and strains induced in a sack. Relatively little
is known at this time, however, about the behavior of the paper in the sack during
impact. While there are probably many other compelling reasons for studying the
mechanics of sack impact, it is believed that intensified effort in this area
is warranted if only to further the application of fatigue concepts to sack per-
formance. -
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